Mixed cultures of rumen bacteria were inoculated into anaerobic buffer solutions containing mixed carbohydrates, casein and ammonia, and rates of bacterial growth, protein degradation, ammonia formation or utilization and lactate production were determined. Bacterial growth rate was varied by the provision of excess carbohydrate (one large dose at the onset of the incubation) or limited carbohydrate (small doses every hour or every 2 hr). When carbohydrate was limited, growth rate was slow, the extent of protein degradation was small and lactate did not accumulate in the fermentation vessels. Lactate production and protein degradation were also negligible during the initial phases of the high carbohydrate, fast growth rate incubations, but large increases in each were seen after 3 hours. Microscopic examination of the fast growth incubations revealed large numbers of small ovoid cells similar to Streptococcus boris, while the slow growth incubations exhibited a variety of morophological types and very few small ovoid cells. Because the lactic acid and morphological data suggested that proliferation of S. boris might be responsible for rapid proteolysis, effects of gram-positive antibiotics were examined. When compared against a fast growth control, both thiopeptin (5 ppm) and monensin (5 ppm) were found to decrease protein degradation, but the inhibition by thiopeptin (50%) was greater than that by monensin (13%). The
Introduction
In most feeding situations, a significant portion of the protein ingested by a ruminant is fermented to ammonia and volatile fatty acids (Hungate, 1966; Chalupa, 1974; Satter and Roffler, 1974) . As the amount of ammonia formed is often in excess of that required for maximum growth (Satter and Slyter, 1974; Mehrez et al., 1977) , there has been considerable interest in reducing this "wasteful" fermentation of dietary protein (Chalupa, 1974; Clark, 1974) . Heat and chemical treatments have been shown to decrease protein degradation in the rumen, and these treatments have been correlated with improved animal performance (Sherrod and Tillman, 1962; Danke et al., 1966; Glimp et al., 1967) .
In spite of the interest in reducing protein fermentation by feed treatment, there has been little work on the effects of rumen microfloral composition on protein degradation. Studies by Bryant and Burkey (1953) demonstrated that approximately one-fifth of the strains isolated from the rumen could liquify gelatin. However, attempts by Blackburn and Hobson (1960a) to isolate actively proteolytic, predominant rumen bacteria on protein media were unsuccessful. The organisms isolated were facultative anaerobes present in low numbers in 242 JOURNAL OF ANIMAL SCIENCE, Vol. 53, No. 1, 1981 rumen fluid, and they degraded protein slowly. Subsequent experiments showed that a variety of strictly anaerobic rumen bacteria were capable of hydrolyzing casein, and Bacteroides amylopbilus strains were found to be most proteolytic (Blackburn and Hobson, 1962; Abou Akkada and Blackburn, 1963; Blackburn, 1968) . These experiments led Blackburn (1968) to conclude that the proteolytic capacity of the rumen microflora is not limited to a single group of bacteria, but rather was due to the combined action of many species.
When mixed cultures of rumen bacteria from animals fed different diets have been incubated in vitro with casein as the sole carbon source, rates of ammonia formation and disappearance of precipitable protein have been similar (Annison, 1956; Warner, 1956; Blackburn and Hobson, 1960b) . Results of these in vitro experiments have generally been interpreted to mean that diet, and, hence, the types of bacteria present in the rumen, have little influence on proteolysis in vivo. However, rates of both bacterial growth and protein degradation were slow in these experiments. Examination of protein degradation in the rumen shows that the greatest increases in ammonia occur 1 to 3 hr after ingestion of a meal. During this period, soluble carbohydrates are present, and microbial growth is rapid. Since such conditions are quite different from the situation when casein is the sole carbon and N source, it is difficult to say whether the kinetics of these previous in vitro experiments actually mimicked the true in vivo conditions. The following series of experiments was conducted to examine proteolysis by mixed rumen bacteria under carbohydratelimiting conditions and under conditions with excess carbohydrate.
Experimental Procedures
Cell Growtb. A sample of rumen contents from a fistutated steer fed a medium quality alfalfa hay diet was taken 2 hr after feeding. The sample was squeezed through several layers of cheesecloth and centrifuged at 50 x g (15 C) for 15 min for removal of large feed particles and protozoa. Fifty milliliters of the bacterial supernatant was added to 440 ml of an anaerobic salts solution containing .29 g K2 HPO4" 3H2 O, .24 g KH2 PO4, .48 g NaC1,. 10 MgSO4 9 7H2 O, .064 g CaC12"2H20, 4.0 g Na2C03 and .10 g Na2S .6H2 O/liter. NH4SO4 was added to give a final concentration of NH 3 as indicated in figures 1 through 3 and the mixture was continuously bubbled with oxygen-free CO2.
At the beginning of each incubation, .15 ml of an anaerobic, 20% carbohydrate solution (equal parts glucose, maltose, cellobiose, sucrose and soluble starch) was added to each incubation vessel (figures 1 and 2). After 1 hr, 10 ml of a 2.5% anaerobic, casein solution (Hammerstein quality suspended in 4% Na2CO3, pH 10) and more carbohydrate solution (described below) were added to each 500-ml fermentation flask.
Relative bacterial growth rates were varied by the administration of either one large dose of the carbohydrate solution at 1 hr or small doses of carbohydrate throughout the incubation. Five milliliters of the carbohydrate solution were added at hr 1 to the incubations shown in figures la and lc, while the incubations shown in figures lb and ld,were treated with .1 ml at 1 hr, .2 ml at 3 hr, .3 ml at 5 hr and .4 ml at 7 hours. Seven and one-half milliters of carbohydrate solution were added at 1 hr to the incubations shown in figures 2a, b,c. The incubation shown in figure 2d was treated with .1 ml hourly starting at hr 1.
Sampling. Every hour starting at 0 hr, 25 ml of the incubation medium was removed from the vessel. Five milliliters were analyzed for pH and optical density at 600 nm (Gilford spectrophotometer, model 250, with glass cuvettes of 1 cm light path for figure 1; Gilford model Stasar II with glass tubes of 12 mm light path for figures 2 and 3). The remaining 20 ml was centrifuged at 12,000 • g for 15 rain at 0 C, and the supernatant removed and stored at -15 C until analyzed. When the incubations shown in figures 2 and 3 were performed, the cell pellet was washed in 20 ml .9% NaC1, resuspended in 10 ml .9% NaC1 and stored at -15 C.
Assays. Because the time course of these experiments necessitated the collection of a large number of samples from each incubation, sensitive methods of protein determination that required only small sample volumes were needed. Protein determination was also complicated by the interference of rumen fluid with many of the sensitive analytical methods. Protein precipitation would have been an ideal way of removing the interference from rumen fluid; however, Winter et al. (1964) found that soluble proteins cannot be quantitatively precipitated from rumen fluid by trichloroacetic acid. Tungstic acid is more effective in precipitating protein, but as much as 8% of the total protein may not be precipitated. Since intact casein is a very soluble protein, and because it was likely to become more soluble during the initial phases of proteolysis (before transport into cells), we felt that the measurement of protein after precipitation could have biased our interpretations. The use of column chromatography to separate protein from the rumen fluid media did not seem feasible because of the large number of samples and because it is doubtful that Hammerstein casein or the long polypeptides resulting from initial proteolysis would have eluted as a single band.
For the reasons stated above, we chose to determine protein directly. Buiret proved to be unsuitable because of its relative insensitivity and because of precipitation of Ca and Mg salts from the medium. Determination of protein at 210 nm or 280 nm was also impossible because of strong interference by buffer salts and, possibly nucleic acids. Rumen fluid without added casein caused some reaction with the Lowry et al. (1951) method, and the stability of this blank was examined. Since reducing agents are known to react with Lowry reagents (Tan, 1978) , samples were first treated with H202. Further analysis showed that the blank did not change with the samples were boiled with sodium dodecylsulfate and NaOH (Dulley and Grieve, 1975) . Thus, since the blank appeared to remain stable in the face of the above treatments, we could correct the sample to determine the amount of protein remaining in the incubation. Additions of casein to the media produced appropriate increases in optical density when compared to standard curves containing casein alone.
The accumulation of amino acids and(or) peptides was determined by analysis for cc. amino-N by the modified ninhydrin method of Rosen (1957) . Sulfide interference with ninhydrin was eliminated by precipitation with zinc acetate. NH3 interference was removed by adjusting samples to pH 10 with NaOH and evaporating to dryness under 0 mm Hg pressure (25 C). NH 3 was assayed by the method of Chancy and Marbach (1962) . Protein in the bacterial cell suspensions was measured by the method of Lowry et al. (1951) , after the cells were hydrolyzed by mixing with equal parts .2N NaOH and heating to 70 C for 30 min; L-lactic acid was assayed by the method of Horhorst (1965) .
Streptococcus boris. Isolated colonies of similar morphology were picked from anaerobic roll tubes (Hungate, 1969 ) that had been inoculated with media removed after 7 hr of incubation (figure 2a). Most of these colonies were orange and contained cells that were small and ovoid. Several of the colonies were inoculated into a protein broth (same composition as the medium described above) and were later identified as Streptococcus boris by taxonomic methods described by Russell and Baldwin (1979a) . Because the nutritional requirements of this organism are simple, all subsequent incubations of S. boris were carried out in media containing vitamins (2 mg pyridoxamine hydrochloride, 2 mg riboflavin, 2 mg thiamine hydrochloride, 2 mg nicotinamide, 2 mg calcium D pantothenate, .1 mg paraaminobenzoic acid, .5 mg folic acid, .05 mg biotin, 1.0 mg lipoic acid and .05 mg cobalamin/liter final concentration), salts (described above), casein (.8 g/liter) and glucose (1.0 g/liter). The incubation shown in figure 3 was essentially the same as those depicted in figures 1 and 2, except that samples were taken every 20 min instead of each hour.
Results
Exp. 1. The initial experiment was designed to examine the effects of carbohydrate level, bacterial growth rate and NH3 concentration on protein degradation by mixed cultures of rumen bacteria. In the incubations shown in figures la and lc, a large dose of carbohydrate was given at 1 hr, while in the incubations illustrated in figures lb and ld, small doses of carbohydrate were administered every 2 hr starting at hr 1. A high concentration NH3 (approximately 45 mg/dl) was added to incubations la and lb, and lower levels of NH3 (approximately 6 mg/dl) were present in the incubations shown in figures lc and ld.
When carbohydrate levels were high (figures la and Ic), the increase in optical density of the culture was rapid. Approximately 88% of the total increase in optical density occurred during the first 3 hr after the addition of protein (1 hr through 4 hr), but little protein was degraded. At 4 hr, the rate of protein degradation accelerated greatly, and this rate paralleled a rapid accumulation of L-lactic acid in the media. At an optical density of 1.62, carbohydrate was depleted, microbial growth ceased and protein degradation decelerated.
When small doses of carbohydrate were fed every 2 hr (figure lb), little lactate accumulated In incubations a and c, one large dose of carbohydrates and protein was added at 1 hour. In incubations b and d, protein was added at 1 hour and small doses of carbohydrates were given every 2 hours. Protein disappearance (e), optical density (A), lactate (a) and ammonia (e) levels are shown.
in the culture medium. Protein degradation rate also started to accelerate at 4 hr, but to a much lesser extent than when high levels of carbohydrate were fed (figure la).
High levels of NH3 in the culture media had little effect on protein degradation. In the incubations shown in figures lc and ld, much lower levels of NH3 were initially present (approximately 6 mg/dl), but the disappearance of protein was similar to that in the previous high NH3 incubations (45 mg/dl) shown in figures la and lb. The production of NH3 by deamination of protein was difficult to monitor in incubations la and lb because of the high initial background. NH3 accumulated in the low carbohydrate, low NHs incubation (figure ld), and this accumulation followed the general pattern of protein disappearance. When microbial growth was rapid, however, NH3 concentration decreased (figure lc), indicating that the biosynthetic capacity of the organisms was greater than their capacity to degrade and deaminate protein. In the fast growth incubations (figures la and lc), microbial growth ceased at 6 hr, but there was some proteolysis after this time. Since NH3 concentration did not increase (figures lc), this extended proteolysis must have caused production of nonprotein, non-NH3N. Analysis of the samples for c~ amino N suggested that free amino acids and(or) peptides may have accumulated during this time (table 1) .
Each culture was examined microscopically during the incubation period. In the low carbohydrate incubations (figure lb and ld), a variety of morophological types was observed, and types did not appear to change during the incubation period. In contrast, in the high carbohydrate incubations, there was a marked change in the population toward high numbers asee figure la. bsee figure lb.
CSee figure 1 c.
dsee figure ld.
of small ovoid cells of moderate chain length (two to six cells). The morophological type, together with the high levels of L-lactate acid produced, suggests that Streptococcus boris was the predominant species in the high carbohydrate incubations. Exp. 2. In this experiment, the effects of the addition of gram-positive antibiotics on protein degradation were examined. Microbial growth occurred at a slower rate (hr 1 to 5) in the thiopeptin incubation than in the fast growth control incubation, and protein degradation was inhibited by approximately 50%. Microbial growth was also slower in the monensin (5 ppm) incubation (figure 2c), but protein disappearance was inhibited by only about 15%. A slow growth control fed small doses of carbohydrate every hour is shown in figure  2d . More protein was degraded in this incubation than in the previous slow growth incubations (figure lb and ld), but the magnitude of protein degradation was still less than 50% of that in the fast growth control ( figure 2a) .
When the amount of bacterial protein synthesized (cell pellets) was compared to the amount of protein degraded (table 2), thiopeptin showed approximately twice the conversion of casein to bacterial protein that the fast growth control did. In the monensin incubation, the decrease in protein degradation was nearly offset by a simultaneous decrease in bacterial protein synthesis. When carbohydrate was limited and bacterial growth thus was restricted, the efficiency of casein conversion to bacterial protein was only one-half that in the fast growth control.
To ascertain whether short peptides and(or) amino acids were accumulating in the incubation media, we analyzed the samples for free amino groups by ninhydrin method. Results are shown in table 3. In all four incubations, there was a moderate accumulation of ninhydrin reactive material, but such accumulation would not indicate large increases in amino acids or short peptides. Indeed, the magnitude of the glycine equivalents is within the range of free amino acids reported for the rumen (Wright and Hungate, 1967) .
Microscopic examination of the culture once again showed the fast control selected for small, ovoid cells. In the thiopeptin incubation, few small ovoid cells were seen, and selenomonads predominated. Selenomonas ruminantium is known to produce lactic acid at a high growth rate (Scheifinger et al. 1975; Russell and Baldwin, 1979b) , which may account for the presence of lactate in this incubation (figure 2b) . Monensin appeared to select for bacteroides and selenomonads, but small ovoid cells were also seen. The slow growth control exhibited a wide range of morphological types, and, again, there was little selection during the incubation.
Exp. 3. Anaerobic roll tubes were inoculated from 7hr of the incubation shown in figure 2a , and large numbers of orange colonies were seen bsee figure 2b.
CSee figure 2c.
dsee figure 2d. figure 2a . bsee figure 2b. CSee figure 2c, dsee figure 2d.
at the high dilutions (10 -7 and 10 -s) after 18 hr of incubation. Several of these orange colonies were picked, and later work showed that they fit the toxonomy of S. boris. When casein and a large dose of glucose were injected into the S. bovis incubation at 1 hr, there was a slight lag before the onset of bacterial growth and protein disappearance, but, thereafter, there were rapid increases in both (figure 3). At 4 hr, glucose was depleted and protein disappearance decelerated. The conversion of casein to bacterial protein during this incubation was low (table 4) . Comparison of the ratio of protein degraded to bacterial protein synthesized in this experiment to the ratio for the fast growth control in the previous experiment (table 2) shows the approximately twice as much casein was degraded per gram of microbial protein synthesized. This ratio was approximately four times that for the thiopeptin incubation, and was slightly higher than that for the slow growth rate incubation (table 2). The free amino N values (table 5) indicated that significant levels of free amino acids and peptides did not accumulate in the culture medium.
The buffering capacity of the media used was high. At no time did the pH of any incubation vary by more than .3 units from the original pH (6.7).
Discussion
Since little protein was degraded in the high carbohydrate incubations (figure la, lc)until the culture switched to a lactate fermentation, and since large numbers of small, ovoid cells were seen at the end of these incubations, our tentative hypothesis was that the appearance of large numbers of S. bovis was responsible for the increase in proteolysis. This hypothesis was supported by the observation that much less protein was degraded in the slow growth incubations (figures lb and ld), and that very few small, ovoid cells and much lower levels of lactate were seen at the end of these incubations.
To test our hypothesis further, we added gram-positive antibiotics to high carbohydrate incubations (figures 2b and 2c). Thiopeptin is a narrow spectrum antibiotic that inhibits S. bovis without greatly affecting other rumen bacteria that are predominantly gram-negative (Muir and Barreto, 1979; Muir et al., 1980) . Monensin also inhibits gram-positive organisms, but its relative activity against S. bovis is much lower than that of thiopeptin (Muir and Barreto, 1979) . Comparison of the thiopeptin incubation (figure 2b) and the control (figure 2a) shows that thiopeptin inhibited protein degradation by approximately 50%. Monensin also inhibited proteolysis, but to a lesser degree (approximately 13 %).
In Exp. 2, we determined bacterial protein to assess that effects of monensin and thiopeptin on bacterial protein synthesis. With thiopeptin, there was no detectable decrease in the amount of bacterial protein synthesized, but monensin caused a depression of approximately 10%. Thus, although monensin inhibited protein degradation, this inhibition was nearly offset by a simultaneous decrease in bacterial protein. The overall ratio of protein degraded to bacterial protein synthesized should be considered in the interpretation of the "protein-sparing effects" of antibiotics.
Because the accumulation of L-lactic acid, specific antibiotic effects and cell morphology data from Exp. 1 and 2 indicated that S. bovis was present in incubations that degraded protein rapidly (figures la, lc, 2a). we examined the capacity of S. boris to hydrolyze protein in pure culture. The results of Exp. 3 showed that S, boris was able to hydrolyze protein rapidly and that proteolysis paralleled increases in cell density and the accumulation of lactate in the medium (figure 3). When the ratios of protein degraded to bacterial protein synthesized were calculated, S. boris was also found to be a very inefficient converter of casein to bacterial protein (table 4) .
S. bovis is almost always found in the rumen, but its niche appears to be dependent on the availability of soluble carbohydrate. Its numbers' increase in the rumen for approximately 2 hr after feeding, and it can be a predominant species in animals fed starch or lush forages containing high levels of sugars (Hungate, 1966) . The inability of S. boris to compete at other times appears to be correlated with its poor affinity for many substrates (Russell and Baldwin, 1979a) and its relatively high maintenance energy requirement (Russell and Baldwin, 1979b) . S. boris does have a high maximum growth rate (Russell and Baldwin, 1978) , which allows its relative numbers to increase rapidly when growth conditions are favorable. Thus, it is not surprising that S. bovis predominated in the high carbohydrate incubations of Exp. 1 (figures la and lc), while its realtive numbers were much lower in the low carbohydrate incubations (figures lb and ld).
The selection of S. boris by readily available carbohydrate could be significant to the inter- pretation of many in vitro experiments. Some workers Van Nevel and Demeyer, 1977a, b; Broderick, 1978) have attempted to simulate rumen conditions using short-term incubations of rumen bacteria. The overall assumption Of such work has been that short-term incubations asee figure 3.
(3 to 6 hr) would not allow for a drastic selection of microbial types. In these experiments, soluble carbohydrate levels have been high, and in cases in which lactate levels have been reported, it has been the predominant fermentation product . The data from Exp. 1 and 2 indicate that one can select for S. boris lactate fermentation in as little as 3 hr if soluble carbohydrate levels are high. Thus, it seems likely that short-term experiments with high levels of carbohydrates are apt to examine primarily the effects of the experimental treatment on S. boris rather than the total rumen microflora. In the present study, when low levels of carbohydrate were fed every hour or every 2 hr, average bacterial growth rate was reduced, lactate accumulation was minimal and the cultures exhibited a variety of bacterial types. The application of such limited fed batch procedures is likely to ensure conditions that approximate the rumen environment more closely than do simple batch procedures.
The study of protein degradation by rumen bacteria is complicated by the fact that the proteinases are cell bound and are not released into cell-free rumen liquid (Blackburn and Hobson, 1960c) . To measure specific activity, one must either work with whole cells or attempt to dislodge the enzyme from the cell surface. We chose to examine proteolysis with whole cells, because we felt that attempts to dislodge the enzyme could lead to a loss in activity or cause the release of intracellular proteinases that are not normally involved in the dissimulation of exogenous proteins.
The results of Exp. 1, 2 and 3 indicate that S. boris is an actively proteolytic rumen bacterium. Since the presence of high numbers of S. boris in the mixed culture incubations was correlated with increased protein degradation, it seems likely that S. boris is more proteolytic than other rumen bacteria. S. boris also appears to be relatively inefficient at converting exogenous protein to bacterial protein. The actual contribution of S. boris to in vivo rumen proteolysis is uncertain, but it is interesting that L-lactate levels and S. boris numbers increase in the rumen during the same period (1 to 2 hr after ingestion of a meal) when the rate of protein degradation is at a maximum (Mackie et al., 1978; Mackie and Gilchrist, 1979) . On this basis, antibiotics such as thiopeptin which are selective against S. boris might be able to meditate protein-sparing effects in vivo.
